When a natural gas transmission and distribution station performs a planned or emergency venting operation, the jet noise produced by the natural gas venting pipe can have an intensity as high as 110 dB, thereby severely affecting the production and living environment. Jet noise produced by venting pipes is a type of aerodynamic noise. This study investigates the mechanism that produces the jet noise and the radiative characteristics of jet noise using a computational fluid dynamics method that combines large eddy simulation with the Ffowcs Williams-Hawkings acoustic analogy theory. The analysis results show that the sound pressure level of jet noise is relatively high, with a maximum level of 115 dB in the low-frequency range (0-1000 Hz), and the sound pressure level is approximately the average level in the frequency range of 1000-4000 Hz. In addition, the maximum and average sound pressure levels of the noise at the same monitoring point both slightly decrease, and the frequency of the occurrence of a maximum sound pressure level decreases as the Mach number at the outlet of the venting pipe increases. An increase in the flow rate can result in a shift from low-frequency to high-frequency noise. Subsequently, this study includes a design of an expansion-chamber muffler that reduces the jet noise produced by venting pipes and an analysis of its effectiveness in reducing noise. The results show that the expansion-chamber muffler designed in this study can effectively reduce jet noise by 10-40 dB and, thus, achieve effective noise prevention and control.
Introduction
Currently, four major types of pollution in the world are noise pollution, air pollution, exhaust gas pollution, and water pollution. [1] [2] [3] Noise pollution, a type of physical pollution, directly impinges on the ears of humans and has an instant effect, but it does not have a residual effect and will also not gradually accumulate. 4 People will feel uncomfortable and have problems in concentrating and thinking when the noise level reaches 50 dB. A noise level greater than 80 dB will cause harm to people's health. Those exposed to high-intensity noise for long periods of time may sustain hearing impairment or even permanent hearing loss and develop certain diseases. 5 The venting system is an important component of a natural gas gathering and transportation station. Measurements have revealed that jet noise produced during a direct natural gas venting process has a sound pressure level (SPL) as high as 110 dB, which considerably exceeds the relevant national standard. 6, 7 School of Petroleum Engineering, Southwest Petroleum University, Chengdu, China Jet noise produced by venting pipes is a type of aerodynamic noise. The acoustic analogy theory established by Lighthill 8 in 1952, which marked the birth of aeroacoustics, divides a flow field into near-and far-fields and, thus, substantially simplifies the physical model of aeroacoustics. In 1955, Curle 9 expanded Lighthill's theory to consider the effect of static solid boundaries using the Kirchhoff method. In 1969, based on Curle's results, Ffowcs Williams and Hawkings 10 took into consideration the effect of solid boundaries on the sound produced by a fluid in motion using a generalized function and proposed the Ffowcs WilliamsHawkings equation (FW-H equation) .
However, while the Curle and FW-H equations consider the effect of boundaries, they are both only applicable to static transmission media. In 1974, Goldstein 11 studied the sound produced by a fluid in a moving medium using the Green's function method and obtained the universally applicable Lighthill equation. These classical equations and the Navier-Stokes equations are the foundation of modern aeroacoustics.
Computational aeroacoustics (CAA) is the combination of aeroacoustics and computational fluid dynamics. The basic idea of CAA is to predict the flow field and sound field by solving the Navier-Stokes equations. Because sound waves have a relatively wide frequency range, it is necessary to simulate the actual conditions of the flow field as accurately as possible, which, at the current stage, can only be achieved using direct numerical simulation (DNS) and large eddy simulation (LES). Freund et al. 12 were the first researchers to use DNS to predict the acoustic emission from turbulent jets. Freund simulated a supersonic jet flow with a Reynolds number (Re) of 2000 and a Mach number (Ma) of 1.92. The SPL of the simulated jet flow was basically in agreement with the measurement. In 2001, Freund 13 simulated a subsonic jet flow with an Re of 3600 and an Ma of 0.9, and the predicted flow field and sound field were in agreement with the experimental data obtained by Stromberg et al. 14 in 1980. LES only solves large-scale differential equations for eddies and establishes the connection between large and small eddies based on an appropriate model. LES calculates large eddies similarly to DNS and calculates small eddies similarly to the Reynolds time-averaged method. LES requires much fewer calculations than DNS.
Currently, a generally accepted viewpoint is that the low and high frequencies of sound result from largescale and small-scale pulsations, respectively, of a turbulent flow. The sound frequencies are related to the diameter of the venting pipe and the shape of the nozzle of the venting pipe. [15] [16] [17] LES can produce better results when used to simulate large eddies. Therefore, LES is more accurate when predicting low-frequency sound, but it also can satisfactorily predict some highfrequency sound.
Mankbadi et al. 18 used LES to predict jet noise. They simulated a supersonic flow using a high-order LES. Then, by combining this simulation with Lighthill's theory, they predicted the far-field sound field. Later, Mankbadi in collaboration with Lyrintzis and Mankbadi 19 combined LES and the Kirchhoff method to predict the far-field sound field. Subsequently, Gamet and Estivalezes 20 predicted a supersonic flow with an Ma of 2 using the same method as Mankbadi and Lyrintzis. Zhao et al. 21 simulated subsonic jet noise for an Re of 3600 and an Ma of 0.9 using LES and found that the results were in good agreement with the simulation results obtained by Freund using DNS. Bogey and Bailly simulated a turbulent flow with an Re of 1.25 3 10 7 and an Ma of 0.9 and studied the jet noise for different inlet conditions; afterward, they also investigated the effect of the Smagorinsky subgrid-scale stress on jet noise and concluded that the eddy viscosity of the Smagorinsky subgrid-scale stress caused the noise in the highfrequency range. Bogey and Bailly 22, 23 were the most successful researchers in using LES to predict jet noise. 24 In 2015, Liu and colleagues [25] [26] [27] analyzed the factors affecting the noise of elbows and manifolds by ANSYS Fluent finite element software and designed a micropole diffusor to achieve a significant reduction in the SPL of the flow noise in the manifold.
With the rapid development of computer technologies, people have increasingly used numerical simulation methods to study jet noise. Jet noise is closely related to the jet flow field. To accurately predict jet noise, it is necessary to improve the accuracy of the predicted jet flow field. The order of magnitude of sound pressure is significantly lower than pressure in a fluid. Therefore, sufficient calculation accuracy is required to avoid large errors in sound pressure predictions. In addition, sound will undergo scattering, diffraction, attenuation, and transportation during the transmission process, which should also be fully taken into consideration in the numerical simulation of jet noise.
For the venting system noise problem, by using ANSYS FLUENT software, based on the LES and FW-H Acoustic analogy theory, the simulation of vent pipe jet flow field and acoustic field was proceeded. Designing the expand chamber-type silencer combining with the results of simulation improves its structure parameters and puts forward an effective scheme to reduce the noise. Details are as follows:
1. In order to study the sound production mechanism of the vent pipe, simulate and analyze the jet flow field first. Obtain the jet structure according to the simulation results, and confirm the length of potential flow core segment was 6.8 D, the velocity remained same with the exit velocity in this area, which was the main noise area. The velocity of jet flow reduced rapidly in transition segment and reduced to zero gradually in the main segment. 2. By observing SPL frequency spectrum graph in different monitorings we could get: the SPL of vent noise was bigger in low-frequency segment, which belonged to low-frequency noise. The maximum SPL in ground was 109 dB. And with the increasing of velocity, the SPL in the same monitoring increased. On the jet axis, the SPL reduced with the increasing distance, which had the obvious directivity in radial direction. In the axial distance of 5, 10, 15, and 20 m, the average SPL reached the maximum in radial distance of 5, 10, 10, and 20 m, respectively, and the max pressure level reached the maximum in 5, 10, 10, and 15 m, respectively. 3. According to the radiation noise frequency spectrum graph, establish the expand chamber-type silencer model, calculate the expansion ratio and length of silencer. To get the wider silencing frequency, design two expansion chambers and insert spiles on both sides of the chamber and between the buffles. The simulation results showed that the expand chamber-type silencer had a good silencing effect. The amount of noise elimination of each monitoring was among 0~40 dB, the max SPL was controlled under 90 dB, and the average value was controlled about 60 dB. The pressure loss rate of the silencer was 22.6%, which could satisfy the aerodynamic performance of the vent pipe.
Venting system model

Analysis of the flow field of a venting system
When a venting operation is necessary because of emergency in a natural gas pipe, the block valves at the two ends of the pipe section where the accident has occurred should be first turned off to prevent more gas leakages. Then, the venting pipe should be used to vent out the gas inside the pipe. Under such circumstances, the natural gas inside the pipe can be viewed as an isolated system. The venting system of a natural gas transmission station consists of the following three components: source of gas to be vented, venting pipeline, and outer atmosphere. 24 Figure 1 shows the venting system model.
Because this study focuses on the flow field of the gas upon being jetted from the outlet of the pipe, the calculation model is simplified to only the section of the venting pipe close to the outlet. Figure 2 shows the simplified computational domain. Considering that the gas flow rate is relatively high at the outlet, the computational domain is increased by 4 m upward along the radial direction of the venting pipe and 10 m along the axial direction of the venting pipe. A structured grid is used and grid encryption is performed inside the sound source plane (Figure 3 ). The length of the vent pipe is 200 m, The venting pipe has a diameter of 160 mm, an inlet pressure of 0.301 MPa and an inlet temperature of 292 K. The speed of sound in natural gas is 450 m/s. Thus, the venting rate is 225 m/s for an Ma of 0.5. The outlet pressure is the same as the atmospheric pressure Figure 4 shows the velocity contours predicted by the simulation. Figure 4 clearly shows that the velocity remains the same within a distance at 6.8 times the diameter of the venting pipe (6.8 D) from the outlet of the pipe, which is the potential core of the jet. The motion of the flow is most intense within this section, which is the main area where the noise is produced.
The section between 6.8 D and 15 D away from the outlet of the venting pipe is the transition section of the jet flow. The movement of the jet flow in this section is relatively complex. However, overall, the difference between the momentum of the jet flow and the momentum of the atmosphere in this section is significantly lower than that in the core section of the potential flow. Therefore, the jet flow rate and turbulent flow intensity both gradually decrease as the distance from the outlet of the pipe increases. In addition, noise transforms from high-frequency noise to low-frequency noise in this section. The section of the jet flow further than 15 D from the outlet of the pipe is its main section. The jet flow rate and turbulent flow intensity decrease more gradually in the main section compared to the transition section, and the majority of noise produced in the main section is low-frequency noise.
Within the main section of the jet flow, the timeaveraged values of the flow field are extremely similar, which can be observed in Figure 4 . The whole velocity contour curves exhibit a semi-arc shape. The shape of the velocity contours downstream of the jet flow is basically similar to the contours upstream of the jet flow, although the velocity contour on each cross-section of the downstream is slightly expanded compared to the immediately preceding layer. These similarities are reflected in physical parameters such as temperature, speed, and material concentration. Figure 5 shows the turbulence energy vector diagram of the jet flow from the venting pipe. The turbulence energy of the jet flow remains constant within a certain axial distance after the gas is jetted from the venting pipe, whereas the turbulence energy is relatively high at the two outer sides of the core section of the potential flow, which indicates that the turbulence energy experienced by the gas is highest within this section. The turbulence energy gradually decreases along the axial direction, regardless of whether a point is within the core section or at the outer sides of the potential flow. In addition, the gas flow disturbance spreads out and decreases as the distance in the axial direction increases. Figure 6 shows the temperature vector diagram of the jet flow from the venting pipe. The jet flow temperature is 280 K at the outlet of the pipe and gradually increases as the jet flow develops until reaching the atmospheric temperature. Because the pressure inside the venting pipe decreases relatively in a significant way and the temperature at the outlet of the pipe is relatively low, natural gas hydrates can form very easily. This factor should be fully taken into consideration when designing a muffler to avoid a muffler design with an overly small outlet diameter that can lead to blockages. 
Noise analogy model (FW-H)
In 1969, Ffowcs Williams and Hawkings successfully expanded the application of Lighthill's acoustic wave equation to study noise sources while considering the effect of moving solid walls using the generalized function method. The FW-H equation is as follows
In which, p 0 is the far-field sound pressure in Pa, a 0 is the local speed of sound in m=s, r 0 is the density of the flowing medium in kg=m 3 , u n is the fluid velocity component in m=s, v n is the surface velocity component in m=s, T ij is the Lighthill stress tensor in Pa, d ij is the Kronecker symbol, d(f ) is the Dirac function, and H(f ) is the Heaviside function.
The FW-H model solves the flow and wave equations through decoupling. The FW-H equation used in ANSYS Fluent is based on Lighthill's acoustic analogy theory. By solving the FW-H equation, the noise sound field of monopole, dipole, and quadrupole sound sources can be obtained. [24] [25] [26] [27] Jet noise produced by venting pipes is a quadrupole sound source. To obtain the frequency spectral characteristics of the SPL of the far-field sound field and the noise transmission pattern in the free space, the FW-H acoustic analogy model is used to calculate the sound field.
Analysis of noise produced by a venting system
Simulation of the radiated sound field of the jet flow from a venting pipe Generally, the venting pipe at a natural gas station is placed at a relatively high location, and there is some distance between the outlet of the venting pipe and the ground. To understand how the jet noise is transmitted to the ground as well as at the noise transmission pattern, it is necessary to simulate the radiated sound field of the jet noise. Based on the jet flow field simulation results, a numerical prediction of the jet noise is made using the FW-H method. The computational domain is the same as the one previously used in the flow field simulation. The sound source plane in the computational domain starts at the outlet of the venting pipe and expands gradually. In addition, the sound source plane has a diameter four times the outlet diameter of the venting pipe (D), a length of 6.8 D in the straightline section and a diameter of 8 D in the expanded section.
The extreme value of the noise frequency f = (1=2Dt) calculated using ANSYS Fluent is limited by the time step. Because the range of frequencies that can be heard by the human ear is between 20 and 20,000 Hz, the time step is Dt = 2:5 3 10 À5 s, so the corresponding limit frequency is 20,000 Hz. The noise model is started after the unsteady calculation of the flow field has been performed for 4000 steps. The results are automatically saved after iterating every 50 steps.
The FW-H method can predict the far-field sound pressure, that is, the sound-monitoring points can be located anywhere outside the computational domain. With a venting pipe 20-m tall, the monitoring points are set at intervals of 5 m in the axial (x) and radial (y) directions of the gas jet flow with the outlet of the venting pipe as the origin. Figure 7 shows the location and coordinates of each monitoring point.
The grid independent verification had been done to eliminate the calculation error caused by the number of grids. Two monitoring points (D1, D7) were selected to compare the simulation results under different grid conditions.
Using the pre-processing software ICEM, the grid information was shown in Table 1 .
According to the calculation results of the above four kinds of mesh, using the grid number as the independent variable, the sound pressure as variable, the maximum, minimum, and average sound pressure at the monitoring points D1 and D7 were shown in Figure 8 . As shown in Figure 8 , the maximum, average, and minimum values of sound pressure fluctuate slightly with the change of the number of grids, but the change value was very small. In order to save the calculation cost and save the calculation time, the number of grid in this article was controlled at about 50,000. Figure 9 shows the spectra of the sound pressure at various monitoring points at an axial distance of 5 m and different radial distances from the outlet of the venting pipe. Figure 9 shows that the SPL distribution and variation trend are basically the same between various monitoring points. The SPL is relatively high in the lowfrequency range (0-1000 Hz) and decreases to an average level in the frequency range of 1000-4000 Hz. The SPL at points A1, A2, A3, A4, A5, A6, and A7 reaches its peak values (115.53, 118.85, 116.8, 116.21, 115.37, 114.48, and 113.61 dB, respectively) at 256, 165, 238, 206, 206, 206, and 238 Hz, respectively. Thus, the peak SPLs at the monitoring points occur at similar frequencies.
From the aforementioned spectra, the venting noise is a typical low-frequency noise, that is, the SPL of the venting noise is relatively high in the low-frequency range. Different from low-frequency noise, highfrequency noise rapidly attenuates as the distance increases or upon encountering an obstacle. For example, the SPL of high-frequency noise produced by a point sound source decreases by 6 dB for every 10-m increase in the distance. In comparison, low-frequency noise attenuates very slowly and consists of relatively long sound waves. Low-frequency noise can easily penetrate obstacles, travel long distances, and penetrate walls to reach people's ears.
To visually observe the variation trend of the SPL at each monitoring point, the average, maximum SPLs at the monitoring points at an axial distance of 5 m and different radial distances from the outlet of the venting pipe (points A1-A7) are plotted as broken lines in Figure 10 . Figure 10 shows that for the same axial distance, the average SPL changes insignificantly with radial distance and basically fluctuates approximately 80 dB. The average SPL increases slightly as the radial distance increases between 0 and 5 m and then decreases slowly as the radial distance increases beyond 5 m. The maximum SPL is approximately 115 dB and changes insignificantly. The minimum SPL changes irregularly and has the lowest value at a radial distance of 20 m from the outlet of the venting pipe. Similarly, the maximum, average, and minimum SPLs at other monitoring points are shown in Figures  11 and 12 . Figure 11 shows that the average SPL decreases as the axial distance increases, which is mainly because sound waves undergo attenuation during the transmission process. 28 The average SPL varies between the monitoring points at the same axial distance but different radial distances from the outlet of the venting pipe. This behavior is the result of radiated sound intensity varying in different directions when sound is transmitted outwardly, which is the so-called sound intensity directivity. Research has shown that directivity is closely related to sound frequencies. As the sound frequency increases, the directivity increases. Therefore, some low-frequency noise has very low directivity 29 because the time needed by a sound wave to travel from the sound source to the receiving point varies between sound waves with different frequencies. As a result, sound waves will interfere with one another, which is then manifested as directivity. Based on Figure 11 , the average SPL is the greatest at an axial distance of 5 m and a radial distance of 5 m from the outlet of the venting pipe, that is, the directivity of the sound source is the highest at this location. Similarly, the highest value of the average SPL at an axial distance of 10, 15, and 20 m from the outlet of the venting pipe occurs at a radial distance of 10, 10, and 15 m, respectively, from the outlet of the venting pipe.
The maximum SPLs at the monitoring points are plotted as broken lines in Figure 12 . Based on Figure 12 , it can be concluded that for the same radial distance condition, the maximum SPL decreases as the axial distance increases; the highest value of the maximum SPL at the point, that is, an axial distance of 5, 10, 15, or 20 m from the outlet of the venting pipe occurs at a radial distance of 5, 5, 10, or 10 m, respectively, from the outlet of the venting pipe.
The general hearing protection standard stipulated in the Emission Standard for Industrial Enterprises Noise at a Boundary 30 of China and the US National Institute for Occupational Safety and Health states that continuous exposure to 90 dB of noise should not exceed 8 h and continuous exposure to 95 dB of noise should not exceed 4 h, otherwise there is a 100% probability of developing hearing impairment. Therefore, the maximum SPL of noise produced during a direct natural gas venting process should not exceed 90 dB. Figure 12 clearly shows that the SPL of the noise at each monitoring point already considerably exceeds the national standard. Similarly, the average, maximum, and minimum SPLs for different Ma conditions can be observed in Figure 14 .
Effect of the Ma at the outlet on the venting noise
The following conclusions are obtained by analyzing Figure 14 : The maximum and average SPLs at the same monitoring point both decrease as the Ma at the outlet of the venting pipe decreases. Therefore, under actual working conditions, noise can be controlled by controlling the flow rate at the outlet of the venting pipe within a reasonable range.
Design of a muffler
Based on the analysis of the frequency spectrum of the radiated noise produced by a venting pipe, noise produced during a gas venting process at a natural gas station is low-frequency noise. In this section, a 20-m tall upright venting pipe is studied with a monitoring point at (-20, 15) . The SPL at this point reaches its maximum at 209 Hz. Based on the frequency spectrum of the SPL at this monitoring point, the focused frequency range of noise reduction by a muffler is set to 0-750 Hz.
Structural design of an expansion-chamber muffler
The noise reduction performance of an expansionchamber muffler depends on the expansion ratio (m) and the length of the expansion chamber (l). The amount of noise reduced by a single-section expansionchamber muffler can be calculated using the following equation
where DL is the amount of noise reduced, dB; m is the expansion ratio (the ratio of the cross-section of the expansion chamber to the cross-section of the gas flow channel); k is the wavenumber (k = (2p=l) = (2pf =c) = (v=c) in which different k values correspond to different frequencies); and l is the length of the expansion-chamber muffler, m. Based on equation (2), DL is a periodic function of kl. The maximum value of DL occurs when sin 2 kl = 1, at which point kl = p=2 and l = l=4, that is, the maximum amount of noise reduced occurs when l equals 1=4 of the wavelength or an odd number of times 1=4 of the wavelength. Thus, equation (2) can be rewritten as
Based on equation (3), the amount of noise reduced is mainly determined by m. The amount of noise reduced increases as m increases. When m.5, equation (3) can be approximated by the following equation
As m increases, the amount of noise reduced increases. The upper cut-off frequency of noise that can be effectively reduced by an expansion-chamber muffler can be determined equation (4), 32 as follows
where c is the speed of sound, m/s; and D is the crosssectional diameter of the expansion chamber, m. Based on equation (5), a larger D results in a lower frequency for the upper cut-off frequency of noise reduced, a smaller frequency range of noise that the muffler can reduce and a smaller m. However, for a smaller D, the amount of sound reduced by the muffler is smaller. Therefore, there is a conflict between an increase in the upper cut-off frequency of noise that can be reduced and an increase in the amount of sound reduced. A reasonable m should be selected to achieve the optimum noise reduction results.
Because the SPL of the outlet noise is relatively high in the frequency range of 0-1000 Hz, 1000 Hz is set as the upper cut-off frequency of the noise reduced by a muffler. The diameter of the expansion chamber is calculated using equation ( 
To achieve the maximum amount of noise reduced, l should meet the requirements of the following equation
Based on equation (7), the frequency of noise that can be reduced by a muffler can be altered by changing
l. An increase in l results in a decrease in the frequency of noise reduced by the muffler. Based on the frequency spectrum, the SPL reaches its maximum at 209 Hz. However, another small peak SPL also appears at 385 Hz. Therefore, a double-cavity expansion-chamber structure is considered. The length of each cavity is calculated using equation (7) 
The major disadvantage of a single-section expansion-chamber muffler is that it can only reduce sound waves with specific frequencies. When l = 1=2 or an integer number of times the wavelength, the amount of noise reduced is zero. To eliminate this disadvantage, ducts are generally inserted into the expansion chamber. A l=2-long duct and a l=4-long duct are inserted at the inlet and outlet, respectively. A theoretical analysis has shown that an insertion of an l=2-long duct can eliminate sound waves with a frequency of an odd number of times l=2, and an insertion of a l=4-long duct can eliminate sound waves with a frequency an even number of times l=2. [33] [34] [35] There is a 180°phase difference between a sound wave transmitted forward and a sound wave reflected after encountering an interface; however, these two sound waves have the same amplitude. Therefore, these two sound waves have opposite phases and interfere with one another. This method is used to eliminate sound waves with various frequencies. Figure 15 shows the three-dimensional (3D) structure of an improved expansion-chamber muffler designed based on the calculation results. Figures 16  and 17 show the dimensions of the muffler in detail.
The noise reduction effect of a muffler can be negatively affected if a high-flow-rate gas flow rapidly rushes out of the muffler after entering it. To prevent this result, the inlet and outlet of the chamber are placed at staggered locations relative to one another, and ducts 1 and 2 share the same central axis. A baffle is inserted inside the chamber to separate the chamber into two cavities. To withstand the impact of a highflow-rate gas flow, a material with relatively high strength should be used to fabricate the baffle.
Numerical simulation of the muffler
To verify the noise reduction effect of the expansionchamber muffler designed in this study, a numerical simulation is performed. Grid generation is performed using ANSYS ICEM. Considering the computational cost, an unstructured grid is used. There are a total of approximately 600,000 grid cells. Figure 18 shows the generated grid for the computational domain of the muffler and the sound field outside the muffler. Figure 19 shows the generated grid of the inside of the muffler.
A pulse sound pressure spectrum is predicted using ANSYS Fluent, which is converted to a sound pressure frequency spectrum using the fast Fourier transform (FFT). The monitoring point at which the radiated sound pressure reaches its maximum value (i.e. the point located at (-20, 15) ) is selected for analysis. Figure 20 shows that before the muffler is installed, the SPL is relatively high in the frequency range of 0-1000 Hz, decreases as the frequency increases in the frequency range of 1000-2000 Hz, and insignificantly fluctuates around the average level in the frequency range of .2000 Hz. Overall, the SPL considerably exceeds the standard in the low-frequency range. In comparison, Figure 21 shows that after the muffler is installed at the outlet of the venting pipe, the SPL decreases significantly. In particular, in the lowfrequency range, the maximum SPL at the monitoring point decreases from the initial 109.31 to 89.95 dB, a nearly 20-dB decrease; in addition, the average SPL at the monitoring point also decreases from 73.29 to 60.88 dB, which indicates that the expansion-chamber muffler designed in this study is highly effective in reducing noise.
The noise reduction effect of the muffler can be more clearly observed in Figure 22 . The main goal is to reduce low-frequency noise under this working condition. Therefore, only the low-frequency range (1-1000 Hz) in which the SPL is relatively high is selected for comparison. At the same frequency, the SPL decreases by 15.01 dB on average and up to 37.9 dB, which further demonstrates that the expansionchamber muffler designed in this study is effective in reducing low-frequency noise.
In addition, ideal noise reduction results are achieved at other monitoring points on the ground by using the muffler. Table 2 shows the comparison of the SPL before and after the installation of the muffler. While there are differences in the frequency range of noise reduced by the muffler and the extent to which the SPL decreases between different monitoring points, a relatively large amount of noise in the low-frequency range, generally ranging from 20 to 40 dB, is reduced. Furthermore, the maximum SPL is controlled below 90 dB.
The following conclusions are drawn from Table 2. 1. The expansion-chamber muffler designed in this study can effectively reduce low-frequency jet noise produced by a venting pipe. The muffler can effectively reduce the SPL by 10-40 dB. Figure 22 . Comparison of the SPL in the low-frequency range when the muffler is installed to when the muffler is not installed.
2. The muffler designed in this study produces varying noise reduction results for noise at different frequencies. However, this muffler is particularly effective in reducing low-frequency noise.
Conclusion
1. The SPL of jet noise produced during a gas venting process at a natural gas storage and transmission station can be greater than 110 dB. Noise at this level can easily cause severe mental harm to personnel working at the station and residents living nearby. Therefore, noise prevention and control measures must be implemented. 2. Based on the analysis of the frequency spectral characteristics of radiated noise produced during a venting process, an expansion-chamber muffler is designed to reduce noise. After an evaluation, it is found that the muffler designed in this study is effective at reducing lowfrequency noise and the SPL by 10-40 dB. In addition, with this muffler, the maximum SPL is controlled below 90 dB and the average SPL is controlled at approximately 60 dB. Furthermore, the pressure resistance loss ratio resulting from the use of the muffler designed in this study is 22.6%, which meets the aerodynamic performance requirements for venting pipes during a gas venting process.
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